P lants growing in complex natural environments have developed elaborate adaptation mechanisms that are under tight (post-) transcriptional control. Among the mechanisms most studied is post-transcriptional gene silencing (PTGS), also known as RNA silencing. PTGS is involved in the clean-up of viral transcripts, foreign transgenes and aberrant transcripts generated in response to external stress, but also in adjusting the plant's development through the regulation of endogenous gene expression 1, 2 . To avoid inappropriate RNA silencing of pivotal protein-encoding genes, plants have established many RNA quality control (RQC) systems 3 that monitor mRNA quality and direct aberrant messenger RNAs, such as truncated, non-polyadenylated and uncapped mRNAs, towards mRNA turnover 4, 5 . Aberrant mRNA degradation is initiated by shortening the poly(A) tail via the action of 3′-to-5′ poly(A)-specific ribonucleases and followed by 5'-decapping [6] [7] [8] . Subsequently, mRNAs are degraded in a 5′-to-3′ direction by EXORIBONUCLEASE (XRN) proteins, including XRN2, XRN3 and XRN4/EIN5 (ETHYLENE INSENSITIVE5) [9] [10] [11] . In parallel, 3′-to-5′ degradation occurs by channelling of mRNAs through the SUPERKILLER (SKI) complex (SKI2, SKI3 and SKI8) towards the exosome complex, of which RRP45B/CER7 constitutes the core protein [12] [13] [14] [15] . When RQC systems are defective, or when aberrant mRNA expression becomes uncontrolled, plants cannot correctly eliminate these-for example, with transgenes 3 . To illustrate this, a defective mRNA turnover system in ein5 or ski2 mutants results in over-accumulation of aberrant transgene transcripts 16, 17 , which induces small interfering RNA (siRNA)-mediated PTGS to repress transgene expression 2, [16] [17] [18] . For siRNA-mediated PTGS, single-stranded RNA originating from aberrant transcripts is first stabilized by SUPPRESSOR OF GENE SILENCING3 (SGS3) and subsequently becomes the substrate of RNA-DEPENDENT RNA POLYMERASE6 (RDR6), producing double-stranded RNA (dsRNA) 19, 20 . This dsRNA is then cleaved by DICER-LIKE proteins (DCL2 and DCL4) into siRNA [21] [22] [23] . Associated with ARGONAUTE1 (AGO1), siRNAs direct the RNA-INDUCED SILENCING COMPLEX (RISC) to cleave mRNA with a complementary sequence, reducing gene expression. In an endogenous context, hundreds of mRNAs can be targeted by siRNAs when RQC systems are defective, seriously compromising plant development 16, 24 . In addition to siRNA-induced PTGS, endogenously encoded miRNAs may also cause PTGS 1 . Biogenesis of miRNAs is initiated by transcription of primary transcripts of miRNAs by RNA polymerase II (pri-miRNAs), from independent transcriptional units or introns of genes [25] [26] [27] . These pri-miRNAs are further processed in the nucleus by the microprocessor that comprises DCL1 and co-factors, to produce both miRNA and miRNA*, the miRNA-complementary strand. miRNAs are subsequently loaded into a nuclear-localized pool of AGO1 (ref.
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Results

Identification of transgene-silencing mutants following mutagenesis by ethyl-methanesulfonate (EMS).
Our previous study demonstrated that overexpression of the transcription factor ERF6 in Arabidopsis led to severely dwarfed plants 37 . We exploited this readily detectable phenotype in a forward genetics screen to isolate mutants silencing a 35S::ERF6-GR transgene. With the aim of uncoupling the effect of the EMS-induced mutation from ERF6 function, we opted for an inducible construct in which ERF6 was fused to a glucocorticoid receptor domain (GR). In the presence of dexamethasone (DEX), seedling growth was inhibited while without DEX, no effect on growth was observed 37 . For mutagenesis, 10,000 seeds of a 35S::ERF6-GR line (later named ERF6-GR) were treated with EMS (M 1 ). Twelve plants suppressing the ERF6-overexpression phenotype were selected (M 2 ) and crossed with each other to identify non-allelic mutants. Seven mutants affected in different genes were identified, and named suppressor of growth inhibition 1 to 7 (sgi1-7) (Fig. 1a) . Five mutants allelic with sgi1 (sgi1-5, Supplementary Fig. 1 ) were also isolated, but not further characterized. Interestingly, when growing the seven different mutants (M 3 ) without DEX, we observed some additional phenotypes including increased rosette size and leaf serration (sgi1), hyponasty and early flowering (sgi3, sgi4), or the development of wrinkled seeds (sgi6) ( Supplementary Fig. 2 ).
To investigate whether phenotypic rescue in the non-allelic mutants was due to reduced levels of ERF6-GR transcripts, we performed quantitative PCR with reverse transcription (RT-qPCR) using six primer pairs along the entire transcript (Fig. 1b) . In sgi1 to sgi6 mutants grown on DEX, the ERF6 and/or ERF6-GR mRNA fragments near the 5′ end accumulated to levels slightly lower than those in the ERF6-GR line. In contrast, near the end of the ERF6 sequence up to the GR part, ERF6-GR transcript levels were clearly much lower in sgi1 to sgi6 than in the ERF6-GR line. Notably, ERF6-GR expression was not affected in the sgi7 mutant (Fig. 1b) . Finally, we analysed the ERF6-GR protein level and observed that this was high in the ERF6-GR line and sgi7 mutant, but undetectable in sgi1 to sgi6 mutants (Fig. 1c) . Collectively, the above data demonstrate that suppression of the ERF6-overexpression phenotype in sgi1 to sgi6 mutants most probably resulted from the degradation of the ERF6-GR transcript, which subsequently affected the ERF6-GR protein level.
Identification of causative mutations in sgi mutants. To identify the mutated genes causing phenotypic rescue, we performed nextgeneration sequencing on segregating populations (F 2 ) from an outcross of each mutant (Col-0 background) with Landsberg erecta-0. The mutations within the candidate mapping interval were prioritized based on their location, effect on DNA/protein sequence and the available literature (Supplementary Table 1 ). Moreover, as the seven sequenced mutants were not allelic, implying that the causative mutation is unique for each mutant, we filtered out all EMStriggered mutations common to multiple mutants. We subsequently verified these mutations by PCR and sequencing. This strategy eliminated the majority of mutations, yielding a limited number of genes within the mapping interval (Table 1 and Supplementary  Table 1) . Notably, we could not identify a mapping interval in sgi7 but instead found an amino acid change (177 A->T ) in the AP2 domain of ERF6-GR, most probably abolishing its function and explaining the phenotypic rescue (Table 1) .
In mutants sgi1, sgi4 and sgi5, well-known silencing suppressors were present among the candidate genes, and therefore the following appeared to be the most probable causative genes: XRN4/EIN5 (sgi1), HST1 (sgi4) and SKI2 (sgi5) ( Table 1 and Supplementary Fig. 3) . Notably, we also found mutations in EIN5 in the other sgi1-allelic mutants ( Supplementary Fig. 3 ). To validate the causative nature of these genes, the publicly available transfer DNA (tDNA) mutants ein5-1, hst1-3, and ski2-2 were crossed with ERF6-GR. In each cross, ERF6-induced dwarfism in the presence of DEX was suppressed and the additional phenotypes observed in the sgi mutants were also visible in these tDNA mutants ( Supplementary Fig. 4) .
To pinpoint the causative gene in sgi2, sgi3 and sgi6, in which there was no obvious silencing suppressor in the mapping interval, we crossed mutants for each candidate gene with the ERF6-GR line. While most mutants could not rescue the phenotype, urt1-1, cpl3-3 and rst1-2 could (Supplementary Fig. 4a ), rendering URT1, CPL3 and RST1 probable causative genes in sgi2, sgi3 and sgi6, respectively. However, urt1-1, cpl3-3 and rst1-2 are SALK tDNA mutants containing the CaMV35S promoter, which may trigger co-suppression of the transgene 38 . To exclude this possibility, we used the cpl3-sail (without the 35S-promoter) mutant and generated an RST1 knockout by CRISPR-Cas9 gene editing (rst1-Cas9) in the 35S::ERF6-GR background (Fig. 1d) . Similarly, the ERF6-GR/cpl3-sail and ERF6-GR/rst1-Cas9 lines suppressed the ERF6-overexpression phenotype on DEX (Fig. 1e) . To further verify whether URT1 was the causative gene in sgi2, we transformed a pURT1::URT1 construct into the sgi2 mutant. At T 1 , all ~30 tested independent lines partially or completely suppressed the sgi2 phenotype, thus restoring the ERF6-GR dwarfed phenotype ( Supplementary Fig. 5 ). In the T 3 generation, the pURT1::URT1/ sgi2 plants were dwarfed on DEX (Fig. 1f) and ERF6-GR expression was restored to high levels (Fig. 1g) .
In conclusion, mutations in, respectively, EIN5, URT1, CPL3, HST1, SKI2 and RST1 are responsible for the suppression of ERF6-induced dwarfism in sgi1to sgi6 mutants, which we therefore further name as ein5
, ski2 sgi5 and rst-1 sgi6 (Table 1 and Supplementary Fig. 3 ). Among the six causative genes, EIN5, SKI2 and HST1 are well-known repressors of PTGS, validating our experimental approach 16, 17, 36 . More importantly, URT1, CPL3 and RST1 are probably novel factors playing a role in RNA silencing.
URT1, CPL3 and RST1 are involved in silencing of multiple transgene transcripts. We aimed to further examine the observation that ERF6-GR expression was affected in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 (Fig. 1b) . RNA blot analysis was performed with probes targeting the 5′ or 3′ end of the ERF6-GR mRNA (Fig. 2a) . The signal representing the full-length ERF6-GR transcript, detected with the 5′ end probe, was very weak in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 . Instead, different size-shifted bands, probably degraded ERF6-GR transcripts, were detected in the mutants. Moreover, using the 3′ end probe, we found that the transcript levels were substantially reduced in all three mutants. These observations thus suggest that the ERF6-GR mRNA may be degraded primarily at the 3′ side when URT1, CPL3 and RST1 are mutated, in accordance with our RTqPCR results (Figs. 1b and 2a) .
To further investigate ERF6-GR transcript integrity, we conducted a 3′ rapid amplification of complementary DNA ends (RACE) analysis using a GR-specific forward primer and observed extra bands smaller than expected in the mutants ( Supplementary  Fig. 6 ). Subsequently, the PCR products obtained were cloned and sequenced (Fig. 2b,c) . Remarkably, while in the ERF6-GR line a basal number of transcripts was truncated, this number increased in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 (Fig. 2b ). Transcripts were truncated at different positions along the 400 bp amplified transcript fragments ( Supplementary Fig. 7 ). Interestingly, we also observed that 94, 67 and 79% of the clones were non-polyadenylated or deadenylated (poly(A) tail length <10) in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 , respectively, in contrast to 13% in the ERF6-GR line (Fig. 2c) . 
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These findings demonstrate that deficiency in CPL3, URT1 and RST1 triggers increased production of deadenylated and truncated ERF6-GR transcripts. Subsequently, we aimed to address whether the observed effects on transgene stability were specific to ERF6-GR. Mutants urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 were crossed with two other transgenic lines, a 35S::GFP-GR and a Hc line, to segregate the ERF6-GR construct (named sgi(WT)) while introgressing GFP-GR or Hc. The latter carries a 35S::UidA (encoding β-glucuronidase (GUS)) transgene silenced in ~20% of the plants in each generation, and is commonly used as a marker to identify mutants affected in silencing suppression 39, 40 . We measured GUS activity to determine the silencing percentage in the Hc/urt1 sgi2 (WT) and Hc/cpl3 sgi3(WT) lines. Whereas we observed 13 and 18% of GUS silencing among the Hc control population, this percentage increased to 100 and 36% in Hc/urt1 sgi2 (WT) and Hc/cpl3 sgi3 (WT) , respectively (Fig. 2d) . For reasons unknown, we were unable to obtain a Hc/rst1 sgi6(WT) line. Next, we evaluated
sgi3 (WT) and GFP-GR/rst1 sgi6(WT) with four primer pairs along the transcript. A lower expression of GFP-GR was observed along the whole transcript (Fig. 2e) . Together, these data demonstrate that disruption of URT1, CPL3 or RST1 can non-specifically trigger silencing of several 35S-driven transgenes.
Compromisation of CPL3, URT1 or RST1 triggers transgene silencing via siRNAs. Transgene silencing mediated by EIN5, HST1
and SKI2 involves siRNAs, in which biogenesis is initiated by RDR6 and SGS3 (refs. 20, 23 ). To explore whether the silencing of ERF6-GR in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 is dependent on siRNA biosynthesis, we crossed these mutants with rdr6-11 and sgs3-11 (refs. 20, 23 ). We observed that ERF6-induced dwarfism, suppressed in urt1 , was restored when either rdr6-11 or sgs3-11 was introgressed ( Fig. 3a) . Notably, this restored phenotype was accompanied by a rescue of high ERF6-GR transcript levels, for which the clear 3' side degradation pattern was completely abolished, suggesting that transgene silencing, including the transcript degradation pattern in urt1 sgi2 , cpl3 sgi3 and rst1
sgi6
, is dependent on siRNAs ( Supplementary Fig. 8 ).
To further verify this, small RNA sequencing (sRNAseq; 18-25 nt) was carried out on urt1
sgi6 and ERF6-GR, and siRNAs were mapped on the ERF6-GR sequence. ERF6-GR-derived siRNAs were generated in all lines, including ERF6-GR albeit to a lesser extent, indicating that this transcript is unstable and might easily become the template for siRNA production (Supplementary Table 2 , the level of ERF6-GR-derived siRNAs was 64-, 52-, and 256-fold higher, respectively, than in the ERF6-GR line (Fig. 3b ,c and Supplementary Table 2 ). ERF6-GRderived siRNAs were mainly 21 and 22 nt in length, but lengths of 24 and 20 nt were also observed and an increase in sRNA species of all sizes was found in the sgi mutants ( Supplementary Fig. 9a ). Interestingly, the distribution of siRNAs along the ERF6-GR transcript was enriched to a greater extent in the GR domain, correlating with the more pronounced transcript degradation at the ERF6-GR 3' end (Figs. 1b, 2a and 3b). Taken together, these results show that transgene silencing in the absence of URT1, CPL3 and RST1 is established through siRNA-mediated PTGS.
siRNA accumulation in urt1 sgi2
, cpl3 sgi3 and rst1 sgi6 is initiated by compromised RNA metabolism. Subsequently, we aimed to understand the reason behind the observed siRNA accumulation, and we therefore first measured the level of core siRNA-biosynthesis components 20, 23, 36, 41 . Transcripts of RDR6, DCL2, DCL4 or AGO1 were not affected in mutants urt1 sgi2 , cpl3 sgi3 or rst1 sgi6 (Fig. 3e) . Similarly, the level of miRNA168, targeting AGO1 transcripts, was unchanged which is in accordance with the AGO1 protein level (Fig. 3d,f ).
An alternative hypothesis is that the abnormally high occurrence of aberrant transcripts observed in the mutants (Fig. 2b ) could initiate the production of siRNAs, as reported previously 16 . , respectively (Fig. 3h) . We also analysed ERF6-GR uridylation, because previous work revealed that URT1 uridylates poly(A)-tailed mRNA to protect it from 3' trimming 42 . Regarding uridylation, transcripts in mutant rdr6- 11/cpl3 sgi3 were indistinguishable from the control line (Fig. 3h) . In contrast, uridylation ratios in mutants rdr6-11/urt1 sgi2 and rdr6-11/rst1 sgi6 were slightly decreased compared to the rdr6-11/ ERF6-GR control line. Together, these results indicate that mutations in URT1 and RST1 cause deadenylation and decreased uridylation of a subset of transgene transcripts, while the CPL3 mutation does not drastically impact these processes but still stimulates transcript trimming. The results here further suggest that these aberrant transcripts initiate siRNA production.
Dysfunction of CPL3, URT1 or RST1 also provokes endogenous siRNA accumulation. Mutants impaired in the decapping process of mRNAs provoke the silencing of numerous endogenous genes Fig. 9b ). These siRNAs are derived mainly from exons and are distributed in a random manner along the genes ( Supplementary Fig. 9c,d) . , n = 6 for cpl3
sgi3(WT)
). Statistical difference was tested by two-sided Students t-test. P values are indicated in the graph whenever the difference with the GFP-GR control line was significant. Counts of miR168 (n) 
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To explore whether endogenous transcript levels were affected by rqc-siRNA accumulation, we conducted an RNA sequencing analysis in parallel with sRNAseq. In total, 185, 1,944 and 160 transcripts were differentially expressed (false discovery rate, FDR ≤ 0.05) in urt1 sgi2 , cpl3 sgi3 and rst1
sgi6
, respectively, correlating with the observation that cpl3 sgi3 plants showed multiple phenotypes ( Fig. 4b and Supplementary Table 3 ). In addition to ERF6 and TUB6 (in which the ERF6-GR construct was inserted), 29 transcripts were commonly differentially expressed in all mutants (Fig. 4b and Supplementary Table 4 ). This overlap is 442-fold higher than that expected by chance (P < 1 × 10 -19
; Chi-square test), further consolidating the hypothesis that URT1, CPL3 and RST1 may be involved in similar biological processes.
Next, we explored the overlap between enriched siRNAs and down-regulated genes to identify transcripts degraded as a result of increased siRNA levels ( Supplementary Fig. 9e ). Besides ERF6 itself, in urt1 sgi2 no other gene showed this pattern. In cpl3 sgi3 and rst1 sgi6 , 56 and 3 transcripts (three-and tenfold more than that expected by chance, P = 1.5 × 10 -19 and 4.6 × 10 -10 , respectively; Chi-square test) showed decreased transcript and increased siRNA levels ( Supplementary Fig. 9e ). We selected several potential target genes in cpl3 sgi3 and rst1 sgi6 and measured whether their expression could be recovered by RDR6 mutation; this was the case for GST20 (AT1G78370) in rst1 sgi6 (Fig. 4c) . Because, under optimal growth conditions we could not detect more genes down-regulated due to siRNA accumulation, we reasoned that conditions such as . c-e, Values are averages of three independent biological repeats. Error bars indicate s.e.m. (n = 3). Statistical difference was tested by two-sided Students t-test. P values are indicated in the graph whenever the difference with the ERF6-GR control line was significant. f, Representative images of double-homozygous F 2 plants of mutants identified in this study. Plants were grown in soil (without DEX) and images were taken from the top (T) and bottom (B) after four weeks. The experiment was performed three times with similar results. Scale bar, 1 cm.
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abiotic stress or tissue senescence might challenge and saturate the RQC system, enabling detection of mis-regulation of genes. We thus selected the top genes from the siRNAseq data and performed RT-qPCR on senescent leaves and on plants exposed to drought and heat. Under these conditions we confirmed that AT3G23690, AT2G28080, AT5G49550 and AT5G54940 were down-regulated in urt1 sgi2 , cpl3 sgi3 and rst1
sgi6
, but rescued to control levels in the presence of rdr6-11 (Fig. 4d) . Finally we observed, to our surprise, that under optimal conditions a considerable number of genes in the mutants showed mRNA up-regulation despite a higher abundance of siRNAs, and confirmed this by RT-qPCR for four genes in cpl3 sgi3 and rst1 sgi6 (Fig. 4e) . Together, these data indicate that siRNAs derived from endogenous genes are overproduced in the absence of URT1, CPL3 and RST1, possibly altering the expression of some endogenous transcripts.
From the sRNAseq data, we observed that only nine transcripts producing more rqc-siRNAs were commonly enriched in urt1 sgi2 , cpl3 sgi3 and rst1 sgi6 ( Fig. 4b and Supplementary Table 5 ). Besides ERF6 itself, this overlap contained homologues (ERF1, ERF2, ERF5 and ERF13), which may be attributed to the ERF6-GR background. Such a small overlap suggests that URT1, CPL3 and RST1 may act in different molecular pathways and mechanistically differ in their specificity. To explore this, we generated mutant combinations by pairwise crossing of urt1-1, cpl3-3 and rst1-2. Whereas cpl3-3/urt1-1 plants grew normally, cpl3-3/rst1-2 and urt1-1/rst1-2 showed severe defects, for example in the meristem. At later growth stages (3-5 weeks), all cpl3-3/rst1-2 and urt1-1/rst1-2 double mutants showed purple leaves and failed to develop normal rosettes (Fig. 4f) , which resembled the mutant ein5-1/ski2 (ref. 16 ). This genetic approach demonstrated that mutations in URT1, CPL3 and RST1 drastically affect plant growth and development when combined. This supports a pivotal role for URT1, CPL3 and RST1 in the regulation of endogenous genes, most probably in distinct, parallel pathways.
Discussion
Plant growth and development require well-orchestrated and dynamic control of transcript levels, which is achieved through transcription and mRNA turnover. Based on the reported results, we propose a model in which EIN5/XRN4, HST1, SKI2, URT1, CPL3 and RST1 are crucial factors in the RQC system during plant development and growth (Fig. 5 ). URT1 and CPL3 may participate in mRNA 3' end processing to ensure correct RNA metabolism (Fig. 5a) . URT1 is the main Arabidopsis TERMINAL URIDYL TRANSFERASE (TUTase) for mRNA uridylation 43 , a modification important for preventing excessive deadenylation in Arabidopsis 42, 44 . Our molecular data indeed showed that URT1 mutation partly disrupted correct transcript uridylation and polyadenylation. The other TUTase, HESO1, functioning mainly in regard to miRNA uridylation following RISC cleavage 44, 45 , might compensate for the absence of URT1 in transgene transcript uridylation, as we observed a ~10% fraction of uridylated transcripts in urt1 sgi2 . CPL3 encodes a protein known to dephosphorylate the Ser2 of the C-terminal heptad repeat domain (CTD) of RNA polymerase II (ref. 46 ). Its putative homologue, CPL1, was reported to participate in RNA processing, including pre-mRNA splicing, RNA decay and miRNA synthesis [47] [48] [49] . Importantly, disruption of CPL1 does not suppress the ERF6-GR phenotype in contrast to cpl3; moreover, cpl1-7 and cpl3-3 have a different appearance (Supplementary Fig. 10 ). Finally, cpl3 sgi3 does not cause 5'-extended transcripts, in contrast to cpl1-7 ( Supplementary Fig. 10 ), suggesting that CPL3 and CPL1 are not (fully) functionally homologous. Our work revealed that CPL3 is involved in RNA processing but its precise role remains unclear, and several mode-of-action mechanisms could be considered. First, CPL3 could interact with a transcript 3' end-processing factor, such as CLEAVAGE AND POLYADENYLATION SPECIFICITY FACTOR (CPSF) or POLY(A) POLYMERASE 1 (PAPS1), to affect polyadenylation 50, 51 . Second, CPL3 could dephosphorylate Ser2 of the CTD of RNA polymerase II to participate in 3′ end processing, as Ser2-P was previously reported to be involved in the formation of the transcript 3′ end in human cells 46, 52 . Third, CPL3 contains a capping enzyme suppressor-like region (CES-like domain) in the N-terminal part; CPL3 may inactivate this capping enzyme to influence RNA modification 53 . Besides these three hypotheses, other models could also explain the CPL3 mode of action and unravelling these would be very useful. Our results demonstrated that mutations in URT1 or CPL3 result in aberrant transgene transcripts that are incorrectly modified and truncated, which form the trigger to initiate RNA silencing (Fig. 5a) .
Even when the transcript modification machinery is not affected, improperly modified transcripts can still sporadically occur and these are targeted for mRNA turnover. EIN5, a 5′-3′ RNA exoribonuclease, is a protein crucial to the mRNA turnover system 54 . Compromisation of EIN5 is expected to reduce the turnover rate of transcripts such as ERF6-GR, causing accumulation of aberrant transcripts and stimulating RNA silencing (Fig. 5b) 16, 17 . The same occurs, for example, when the exosome-mediated 3′-5′ mRNA decay pathway is defective following mutation of the RRP45B/CER7 exosome subunit 3, 15 or the associated SKI complex 16 . In concert, this screen identified a mutant in SKI2 (Fig. 5b ) [12] [13] [14] . Interestingly, mutants in the CER7 exosome subunit show wax deficiency in the stem 15, 55 , which resembles the described phenotype of mutants in RST1, also involved in wax biosynthesis 56, 57 . Importantly, RST1 has been shown to interact with EXO9, including CER7 (ref. 58 ), and it is reasonable to speculate that RST1 may mediate RNA decay via the EXOSOME complex, although additional research is needed to unravel the precise mode of action of RST1.
Impairment of RNA processing, via a hitherto unknown pathway mediated by CPL3, via 3′ end uridylation (URT1) or RNA decay, such as 5′-3′ degradation (EIN5) or 3′-5′ decay (SKI2 and RST1), results in the accumulation of aberrant mRNAs (Fig. 5b) . These aberrant transcripts serve as a template for RDR6-and SGS3-dependent siRNA biosynthesis (Fig. 5c ). The precise features within a transcript that determine the sequence used for siRNA generation are unknown, but siRNA sites vary depending on the transcript, with probably a preference for exogenous sequences in the case of transgenes. This might explain the different degradation patterns observed for ERF6-GR (Fig. 1b) and GFP-GR (Fig. 2e) . The burst of siRNAs subsequently triggers RISC complex recruitment to cleave the aberrant transcripts, although correctly processed mRNAs could also be cleaved, which could explain the further increase in deadenylated transcripts that was observed. This implication of the involvement of siRNAs and RISC in ERF6-GR mRNA clean-up is supported by the identification of a hst1 mutant in this screen. Disruption of HST1, a nuclear exportin protein, causes mis-regulation of miRNA homoeostasis leading to decreased miR168-mediated degradation of AGO1 transcripts and thereby promotion of siRNA-induced PTGS 29, 36 and, here, silencing of ERF6-GR (Fig. 5d ). In addition to transgenes, the absence of URT1, CPL3 or RST1 provoked the generation of rqc-siRNAs derived from endogenous genes. When rqc-siRNAs levels were very high, target gene expression showed significant reduction as observed for GST20 in rst1 sgi6 . However, this effect was not very pronounced, possibly because the level of siRNAs was insufficient to cause degradation of target transcripts, or because the level of the transcript was too low for it to be cleaved. Nevertheless, we observed that down-regulation of siRNA target genes was intensified by challenging the RQC system under abiotic stress conditions. Interestingly, we also observed that siRNA-target gene expression could be up-regulated in cpl3 sgi3 and rst1
sgi6
, and restored in a rdr6-11 background. We speculate that this may have been caused by a feedback mechanism. Previous studies proposed that highly expressed endogenous genes more easily reach Articles NATURe PLANTS the silencing threshold 16 . Nevertheless, we noticed that some genes that were extremely highly expressed-such as RBCS1A and AB140, the most highly expressed genes in our RNA sequencing datasetdid not become a template for siRNA production. Instead, siRNAs were derived from some poorly expressed genes, for example BLOS2. It is thus reasonable to speculate that other characteristics within transcripts could determine whether a particular transcript is selected as a siRNA template. Addressing this question in the future would greatly improve our understanding of PTGS regulation of endogenous, and possibly also transgene transcripts. In wild-type plants (navy arrows), RNA is correctly modified through 5' capping, 3' end polyadenylation and uridylation of shortened poly(A)-tails. These correct transcripts are translated to proteins (Pr). A basal level of incorrectly modified transcripts is present, but these transcripts are directed towards elimination of mRNA. When RNA modification cannot occur correctly, as in the case of mutants cpl3 or urt1 (red arrows), aberrant transcripts of highly expressed genes accumulate. The same occurs when proteins of mRNA turnover, such as XRN4, SKI2 and possibly also RST1, are mutated (red arrows). Highly abundant aberrant transcripts can serve as a template for siRNA biosynthesis, further triggering RNA silencing through action of the RISC complex. Consequently, interference with the RISC complex, for example by altering AGO1 levels following mutation of HST1, also stimulates RNA silencing.
Articles
Methods
Plant materials. All Arabidopsis lines used in this study were in a Columbia-0 (Col-0) background. The mutant lines ein5-1, ein5-6, urt1-1 ) have previously been described 37, 40 . pURT1::URT1 constructs were generated by Gateway cloning. The 2 kb region upstream of the URT1 start codon was amplified as the promoter and fused to URT1 cDNA into the pFAST-G02 vector. The primers used for cloning are listed in Supplementary Table 6 .
For generation of the CRISPR-Cas9 line ERF6-GR/rst1-Cas9, two guide RNAs (gRNAs), which span the second and third exons of RST1, were ligated in the pGGK7-At-Cas9 vector by a Golden Gate reaction that was transformed into the line 35S::ERF6-GR. In the T 2 generation, plants containing one extra A insertion in the second exon without the Cas9 vector were obtained. The gRNAs used for construction are listed in Supplementary Table 6 .
In vitro and soil growth conditions. In vitro, seedlings were grown on halfstrength Murashige and Skoog (MS) medium containing 1% sucrose at 21 °C under a 16 h/8 h day/night cycle. For DEX treatments, the medium was supplemented with 5 μM DEX (sigma). For soil-growing experiments, plants were grown in pots filled with jiffy soil, at 21 °C under a 16 h/8 h day/night regime. For the data shown in Fig. 4d , plants were grown under different (stress) conditions, following the method of abiotic stress treatment described previously 63 . In brief, for heat stress the plants were put into a 37 °C oven for 3 h and full seedlings were harvested; for drought stress, the plants were taken out of the growth medium for 15 min; for analysis at the senescent stage, leaves (yellow leaves, L 1 and L 2 ) were harvested at 31 days after stratification.
Forward genetics screen. Mutagenesis was performed by soaking homozygous 35S::ERF6-GR seeds overnight in 0.2% EMS solution, as previously described 64 . M 2 seeds were screened on half-strength MS plates supplemented with 5 μM DEX and 50 mg l -1 kanamycin. Selected mutants were up-scaled to M 3 for all experiments described here, and crossed with Landsberg erecta-0. In F 2 , the seeds were sown on plates containing DEX and kanamycin and suppressor mutants were selected for bulk segregate sequencing. DNA was extracted with the cetyltrimethylammonium bromide method, and RNA was removed with on-column RNase treatment. Whole-genome DNA was sequenced using Illumina sequencing with 100 nt paired ends. Raw DNA sequences were processed using SHORE, and peak calling was further performed with SHOREmap 64 . The candidate genes were prioritized based on the location of the mutation (priority to coding sequence), its effect (introducing an amino acid change, splice-site change or premature STOP codon) and the available literature on candidate genes. Putative mutations thus identified were further validated experimentally by introgressing 35S::ERF6-GR in loss-offunction mutants, or by complementation for sgi2.
Gene expression analysis by RT-qPCR. Total RNA was extracted in three independent experiments with the RNeasy Plant Mini Kit (Qiagen) from plants grown in vitro. cDNA synthesis was performed with a random and Oligo-d(T) primer mix. RT-qPCR was done on a LightCycler 480 (Roche Diagnostics) on 384-well plates with LightCycler 480 SYBR Green I Master (Roche). Gene expression level is represented as log 2 (FC) and determined by -ΔΔCt normalized to two housekeeping genes (AT1G13320 and AT2G28390), as previously described 65 . Primers used for RT-qPCR are listed in Supplementary Table 6 . All experiments were performed in three independent biological replicates. The error bar represents s.e.m. calculated for the three biological replicates. Statistical significance was assessed by two-tailed student's t-test.
Immunoblot. Shoot tissues were harvested from 12-day-old plants grown in vitro. Proteins were extracted with two volumes of 1.5 × SDS sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 5% β-mercaptoethanol and 10% glycerol), centrifuged (2 × 5 min at 12,000g) and boiled for 5 min (ref. 66 ). Proteins were loaded on 10% SDS-PAGE and transferred to a polyvinylidenedifluoride membrane with the Trans-Blot Turbo Transfer System. The ERF6-GR protein was detected with an anti-GR antibody (1:10, Santa Cruz, No. GR P-20). AGO1 protein was detected with anti-AGO1 antibody (1:5,000, Agrisera, No. AS09527).
RNA blot. Messenger RNA blots were performed similarly to the method previously described, with minor modification 67 . In brief, RNA was extracted from 17-day-old shoot tissues (without DEX) with the RNeasy Plant Mini Kit (Qiagen). Total RNA (15 μg) was electrophoretically separated on a 1.5% denatured agaroseformaldehyde gel and blotted onto a Hybond Nylon membrane (Amersham Pharmacia Biotech) by alkaline blotting. RNA was fixed to the membrane by ultraviolet crosslinking and incubated at 80 °C for 2 h. Hybridization was performed with a digoxigenin (DIG)-probe (Supplementary Table 6 ), prepared by PCR DIG-probe synthesis mix (Roche) at 42 °C overnight and subsequently washed with ×2 saline-sodium citrate (SCC)/0.1% SDS at 25 and 65 °C. Finally, the RNA signal was detected with CDP-star. The sRNA blot was performed similarly to the method recently described 68 . In brief, 20 μg total RNA was electrophoretically separated on 15% polyacrylamide gel and electroblotted on a Hybond-NX (Amersham) membrane. RNA species were cross-linked to the membrane and detected by γ-32 P-ATP-labelled DNA oligonucleotides complementary to ERF6-GR-derived siRNA and U6 (Supplementary Table 6 ). Hybridization was performed overnight (ERF6-GR siRNA) or for 3 h (U6) at 42 °C, and membranes were washed with SSC/2% SDS (once) and SSC/1% SDS (twice).
Analysis of polyadenylation and uridylation. The 3' RACE-PCR used to detect poly(A) tail and uridylation of mRNA was performed as previously described 69 . In short, 5 μg RNA was treated with FastAP to dephosphorylate the mRNA 5' end. An RNA adaptor was ligated to the 3' end of ERF6-GR mRNA by T4 RNA ligase (Thermo Fisher Scientific) and used as the template to synthesize cDNA with an RNA adaptor reverse primer. Subsequently, two nested PCRs were performed to amplify the 3' fragment of ERF6-GR. These PCR products were cloned into pGEM-T Easy vector (pGEM-T Easy Vector System I, Promega) and transformed into Escherichia coli. For each mutant, around 50 clones were sequenced using primer T7 for each genotype at every repeat. As the results for both biological repeats for each genotype showed a similar tendency, the number of clones was pooled to increase the sample amount. All the primers used in the 3' RACE are listed in Supplementary Table 6 .
GUS activity measurement. The method for GUS activity measurement was previously described 70 . This method is based on hydrolysis of the substrate (4-methylumbelliferyl β-d-glucuronide (4-MUG)) by GUS, producing the detectable product 4-methyl umbelliferone (4-MU). Total protein was extracted with GUS extraction buffer from 1-month-old plants, and 10 μl of protein extract was incubated with 240 μl GUS extraction buffer containing 1 mM 4-MUG. The mix was immediately placed on a pre-warmed fluorometer (BMG Fluostar) at 37 °C to measure fluorescence values from 0-10 min (six times). Subsequently, the slopes of increasing fluorescence values measured on the fluorometer were normalized to total protein concentration and used for the calculation of the silencing percentages.
sRNA and mRNA sequencing analysis. The RNA samples for both sRNA and mRNA sequencing analyses were extracted from 17-day-old shoot tissues of plants (without DEX) by the miRNeasy Mini Kit (Qiagen). For mRNA sequencing, RNAs were first selected via enrichment of their poly(A) tail to build the libraries. The 75-bp size-selected, single-ended libraries were sequenced with Illumina HiSeq 2000. Sequencing analysis and differential expression were performed as previously described 71 ,taking into account the different splice variants per gene. For analysis of the 5' extension shown in Supplementary Fig. 10 , genes with at least 20 read counts in the 500 bp upstream of the start codon were extracted and the counts were normalized to those of the respective transcript. For sRNA sequencing, sRNAs (<50 nt) were gel-purified and subsequently sequenced by Illumina HiSeq 2500. The 18-25 nt sRNA reads were mapped to Silva and GtRNAdb databases to remove ribosomal RNA and T-RNA sequences, respectively. Next, the clean reads were aligned to the genome TAIR10 using Bowtie v.1.1.1 with 0% mismatch in seed. The mapped bam files were retained for normalization and differential expression analysis, as previously described 72 . Finally, miRBase and psRNATarget were used to predict the interaction between miRNAs and selected target genes 72 . All experiments were performed in three biological replicates.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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Sample size
No sample-size calculation was performed. In this study, for gene expression analysis (qPCR analysis and NGS data) 12 plants of 12 days old or 6 plants of 17 days old were harvested per sample. The reasons for this are: 1) This amount of plants is enough to obtain good RNA quality; 2) it provides a sufficiently large pool to reflect the average of gene expression in the respective lines Data exclusions No data were excluded from analysis in any experiment depicted in this manuscript.
Replication
All experimental findings were reliably reproduced at least three times for each described experiment. To reproduce the experiments, all the experiments were performed during same period, independently, with several days between different biological replicates. For each repeat, plants were grown in the same growth chamber with similar humility and temperature to ensure similar growth rates. After harvesting 3 all repeats, RNA or protein samples were processed at the same time, with same protocol and kits to reduce technical errors. For each experiment, the number of biological replicates is indicated in the figure legend.
Randomization Samples were grown on the same condition and sorted based on their genotype. Within each genotype, healthy samples were randomly harvested for the experiments.
Blinding
The investigators were not blinded to group allocation during data collection and analysis, as multiple plants of the same genotype needed to be pooled. It would thus have been impossible to trace back the genotype of each plant after sample processing. For the phenotypic analysis of mutant crosses, the investigators were blind as the phenotypes were recorded first, followed by genotype determination.
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